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INTRODUCTION
Studies have demonstrated that an airborne LiDAR system (ALS) can provide accurate estimation of topographic surfaces. An important application is for exploring some key characteristics of a forest such as canopy height, vertical distribution, above-ground biomass, leaf area indices and terrain models (Pirotti, 2011) . Most of papers, however, have shown that LiDAR data underestimates the canopy height (Chauve et al., 2009 ). The reason is explained that only a small proportion of laser pulses interacting with the tree apices. Low point density of tree tops results in underestimation of tree heights. Another tricky problem is to classify the ground points in a complex forest area. Usually when a laser emits into a forest area, only some of the laser energy is scattered back by the tree tops. The other energy penetrates through and is reflected by branches, shrubs and the ground. The received echo scattered by the ground could be too weak to being detected (Figure 1 (a) ). Additionally if scatters are separated around the range resolution of the instrument, for example, the terrain and shrubs, an ALS will produce a waveform composed of a superposition of echoes. The overlapped echoes are difficult to resolve and usually only an uncertainty point located between the terrain and shrubs is detected (Mallet and Bretar, 2009) (Figure 1(b) ). The terrain height represented by this point will be a slight higher than the true terrain. Fortunately, thanks to the development of LiDAR technology, the laser scanner systems with full waveform digitizing capabilities have become available. Compared with the conventional LiDAR system, waveform LiDAR further encodes the intensity of the reflected energy along the laser lighting path. Users now can utilize the waveforms for the interpretation of ground objects and develop their methods to detect the effective return echoes. This gives us a great opportunity to improve the canopy height estimation and terrain model if an approach which can deal with the weak and overlapped echoes is obtained. Figure 1 . Interpretation of difficult-to detect echoes, (a) weak echo due to the loss of laser energy, (b) overlapped echoes due to the scatters separated around the range resolution of systems.
The purpose of this study is to explore extra return echoes in waveform data, especially weak and overlapped echoes which are not detected in the online process of an ALS. However, weak echoes are difficult to detect due to the low signal-to-noise (SNR), and overlapped echoes are also hard to resolve because they are synthesized signal. To deal with this problem, one has to extract signals from a waveform that is composed of echo signals and data noises. This paper proposes a wavelet-based detector for the solution. The detector first applies a wavelet transform (WT) to decompose a LiDAR waveform in terms of elementary contributions over dilated and translated wavelets, and then searches possible echoes in the wavelet coefficients (WC) at a certain scale. Using the WT of a LiDAR waveform enables us to detect the echoes at various scales and to suppress the noises simultaneously (Shao et al., 1998) . The detector detects all possible return echoes from a waveform signal. Focused on the detection of weak and overlapped echoes, our analysis aims at how much signal strength relative to noise and (a) (b)
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WAVELET-BASED ECHO DETECTOR
The wavelet transform is a tool to decompose a signal in terms of elementary contributions over dilated and translated wavelets. One of the continues wavelet transform(CWT) applications is resolving overlapped peaks in a signal (Jiao et al., 2008) . The CWT at time u and scale s can be represented as , ,
where f(t) is the input signal,  denotes the complex conjugate, , ( ) u s t ψ is the wavelet function controlled by a scale factor s and a translation factor u. Wf(u, s) is the so called wavelet coefficients. Applying CWT to the waveforms can be considered as measuring the similarity between the waveform and the wavelets. If the chosen mother wavelet and the responded echo are similar in shape, then the locations where WC peaks occur imply the positions of the response echo in the waveform. Figure 2 shows an example of detecting echoes using the wavelet-based detector. A signal(waveform) is applied wavelet transform at two scales. Consequently we can obtain the WC ( ( , 1 ), ( , 2 )) at each scale. Taking the result at the smaller scale 1 firstly, one can see that the locations where the WC peaks (
( 1 , 1 ), ( 2 , 1 ), ( 3 , 1 ) ) occur corresponding to the positions of echoes in the waveform. However for the case of larger scale 2 , only two echoes are detected. This can be explained that the expanded wavelet cannot "see" the echoes whose size is smaller than the wavelet itself. Since the wavelet can be scaled by a scale factor, the waveletbased detector is able to deal with different system with variant echo width, for example, the echo width is 5 ns for Leica ALS60 system and 8 ns for Optech ALTM 3100. Therefore to optimize the detection results, an appropriate mother wavelet and a scale factor need to be prior determined. Many researches have considered the responded echo as a Gaussian function. For this reason the Gaussian wavelet is chosen as the mother wavelet in our study. Additionally by exploring some waveform samples, the scale parameter can be determined according to detection results.
EXPERIMENT AND RESULTS

Waveform simulation
A received waveform is a power function of time and can be expressed as follows (Wagner et al., 2006; Mallet et al., 2010) :
where S(t) is the system waveform of the laser scanner, ( ) is the apparent cross-section, N is the number of echoes and is a value varied by range between sensor and target. Eq. (2) indicates that a return echo is the convolution of system waveform and the apparent cross-section of a scatter. Wagner et al.(2006) have reported that the system waveform of Riegl LMS-Q560 can be well described by a Gaussian model. If the apparent cross-section of a scatter is assumed to be of Gaussian function, then the convolution of two Gaussian curves gives again a Gaussian distribution. The received waveform ( ) can be rewritten as:
where is the round-trip time, , the standard deviation of the echo pulse, and � the amplitude of cluster i. For this reason, the Gaussian function is chosen to simulate the return echo. The simulated waveform can be represented as follows:
where w is the simulated waveform, m the number of return echoes, n the noises which have a normal distribution( , σ ), the location of time domain, and s the echo width which can be represented by full width at half maximum (FWHM =2√2 2 ). Figure 3 shows an example of a simulated waveform. Figure 4 shows the algorithm of detecting echoes by the wavelet-based detector. For comparison, the zero-crossing(ZC) detector is also utilized. The idea of ZC is to find zero crossings of the first derivative of waveforms as the location of echoes. Normally a smooth filter would be applied to waveforms when adopting the ZC method since ZC algorithm is significantly suffered from noises. However the wavelet-based detector can directly process the raw waveforms without smoothing. Firstly several waveforms with variant SNR levels are generated (a) and then are input to the detectors (b). According to the algorithms, the detectors output the locations of detected echoes.
Procedure of echo detection algorithm
One can see that some redundant echoes would be detected on both sides of the waveform due to the noises regardless of any detectors are applied (c). A condition is made that an echo whose intensity (amplitude) must be greater than 3σ in order to remove the fake echoes (d). Consequently the echoes pass the condition would be considered as efficient echoes and transformed into 3D point. 
Weak echo detection
To evaluate the power strength of return echoes, the signal-tonoise ratio is utilized: 
Set up:
To test the ability of noise resistance between the wavelet-based detector and the ZC detector, we generated the echoes start from 0 SNR value and then increased the SNR values by strengthening the power of echoes. At each SNR level, 1000 waveforms are generated. Therefore the percentage of successful detection accuracy can be calculated by:
number of detecting 1 echo CR1: 100% 1000 number of detecting 0 echo MR1: 100% 1000 number of detecting more than 1 echo RR1: 100% 1000
where CR1 denotes the correct rate(CR) of detection, MR1 denotes the missing rate(MR) of detection, and RR1 denotes the redundant rate(RR) of detection. Figure 5 shows the detection results of the two detectors under variant SNR levels. Comparing the CR1 of the two detectors, the wavelet-based detector can reach to 100% more quickly than ZC detector. In addition the wavelet-based detector also produced less number of missing echoes. The two detectors have approximate results in producing the number of redundant echoes. Therefore the wavelet-based detector has better ability of noise resistance in the case of detecting single weak echo. 
Results:
Overlapped echo detection
In this section, we focus on the three factors ( Figure 6 ): echo width (EW), the range between two echoes, and the relative intensity between two echoes (A2 / A1 in Figure 6 ), which have significant influences on resolving the overlapped echoes. The noises however are not taken into consideration in this test.
From the results of section 3.3.2, an echo can be confidently detected by both of the detectors once its SNR vale exceeds 20 dB. In this experiment, the SNR value of each echo is set as at least greater than 32 dB so that the noises can be treat as no influence on the detecting results. 
Echo width and distance:
The echo width of laser signal changes according to variant LIDAR systems. Two different values of the echo width parameter corresponding to Leica ALS60 (5ns) and Optech ALTM3100 (8 ns) are utilized to test the influence on the detection results. Additionally when the distance between two echoes is close to the echo width, the synthesized echoes will approximate to single echo and are not easy to dissolve. To test how close distance of the two echoes can be dissolved by the detectors, some sets of the distance factor around the echo width value are used. As section 3.3.1, 1000 waveforms are generated at each distance level. The detection rate would be:
number of detecting 2 echo CR2: 100% 1000 number of detecting 1 echo MR2: 100% 1000 number of detecting more than 2 echo RR2: 100% 1000 Figure 7 shows the results of detecting the overlapped echoes with variant echo width and distance values. From Figure (a) and (c), the limitation of resolving overlapped echoes for zero-crossing detector is around an echo width. For wavelet-based detector, it can resolve two echoes which have distance less than an echo width if the echo width equals to 8 ns. Moreover the two echoes can be confidently detected by the wavelet-based detector in the condition that the distance is equal to the echo width. However some failures were produced by the zero-crossing detector.
Results of the influence of the echo width and distance on detecting overlapped echoes:
Relative intensity ratio:
Another factor related to the overlapped echo detection is the relative intensity between two echoes. Considering the results of section 3.4.2, the echo width factor is fixed as 5 ns and the distance factor is set as 5 ns and 6 ns respectively. The overlapped echoes with variant relative intensity ratio (A2/A1) were set up. And 1000 waveforms were generated at each relative intensity ratio level. The detection rate can be calculated by equation (8) Figure 8 shows the results that how the relative intensity ratio factor influences the detection. It indicates that the wavelet-based detector has better detection accuracy than zero-crossing method especially when the distance is greater than the echo width. The wavelet-based detector can detect both of the echoes even the relative intensity ratio reach 4 if the distance between two echoes is greater than the range resolution of a LIDAR system. Figure 9 shows the study area where tall and shrubs plants grow irregularly. The real waveform data is captured by Leica ALS60 system. We chose the waveform data in the rectangle area shown in Figure 9 (a). The objective of this test is to see if the wavelet-based detector can effectively detect the weak and overlapped echoes so that the number of points increases obviously.
Real waveform data test
Set up:
The results of simulated experiments can be used as reference to set up the strategy of detecting echoes in real waveform data. From section 3.3.2 the wavelet-based detector can confidently detect the echoes if the SNR value of an echo is greater than 16. Therefore a threshold is set as a condition to remove the uncertain echoes which may be incorrectly detected due to the noises. To obtain the SNR value of each echo, the noises in the waveform needs to be estimated. Fortunately that there only exists noises in some interval of each waveform, the noises can be therefore easily estimated using these waveform sections without target echo information. Figure 10 shows the procedure of the wavelet-based echo detection method applied to a real waveform dataset.
Results:
The total number of waveforms is 459708 and the number of points provided by the instrument is 499997. Based on the wavelet-based detector, the number of detected points is 590074. It means that the detector increasingly found 18% more of the original number of echoes. This result shows that the ability of the proposed detector in finding weak and overlapped returns from waveforms. Figure 11 shows a side view of a selected profile drawn by the system points and the points extracted by our method respectively. One can see that the ground and the trees can be better described by the point clouds extracted by our methods. 
CONCLUSION
This paper presents a wavelet-based detector to detect the responded echoes in LIDAR waveforms. Some simulated waveforms with noises are made to test the limitation of the detector. The detector treats an echo as an effective return only if its SNR exceeds a threshold. The experiments suggest that a weak echo can be detected as long as its SNR is greater than 16 dB. Normally an echo has SNR lower than 22 dB will be missed in the online process of an ALS. The experimental results also show that the detector can resolve two distinct scatters as long as the echoes are separated with a distance larger than the range resolution of the ALS. In addition to the analysis on simulated data, the detector has also been applied to a set of waveform data captured with Leica ALS60 for a forested mountainous area. In addition to the total number of echoes provided by the instrument, the detector increasingly found 18% more of the original number of echoes. This result shows the ability of the proposed detector in finding weak and overlapped returns from waveforms. These extra echoes can potentially be used to improve the estimation of canopy height and ground surface for a forested area.
